Summary -In addition to a limited number of commercially available cultivars, celery has least known status against plant-parasitic nematodes such as Meloidogyne hapla. The interactions of the cvs Dutchess and Green Bay, most widely used, and P-6848 Pybas and S-1355, new entries, and populations of M. hapla, Mh 1, Mh 2 and Mh 3, isolated from sandy/sandy loam soils, and Mh 4 and Mh 5, isolated from organic (muck) soil typical of celery production, were examined in a one nematode-generation glasshouse experiment. The tomato cv. Rutgers, a susceptible host on which the M. hapla populations were cultured, was used as a nematode viability control. Mh 5 followed by Mh 3 were the most infective of the populations of M. hapla. The celery cultivars ranged between 32% and 67% of the suitability of Rutgers tomato to M. hapla. In 3-month long experiments, inocula of 3500 and 9100 Mh 4 eggs (600 cm 3 soil) −1 suppressed celery growth, suggesting the potential of these populations of M. hapla to cause yield loss. However, the varying degree of host suitability suggests that the severity of the problem will likely vary by cultivar and population of M. hapla. The study establishes numerical references for selecting cultivars and/or designing suitable location-specific management practices.
Celery (Apium graveolens L.) is one of the temperate minor crops affected by many soil-borne, biotic, yieldlimiting factors, including the northern root-knot nematode, Meloidogyne hapla (Bélair, 1992; Bird et al., 2004; Anon., 2010) . For example, in Michigan, celery with a US$ 20 million annual farm gate value, suffers approximately US$ 1 million loss from nematodes alone (Anon., 2010) . With restrictions on broad spectrum pesticides and nematicides and the lack of commercially available, resistant cultivars, managing nematodes in temperate vegetable crops is a major challenge. Moreover, many rotation crops, usually other vegetables, are hosts to the plant-parasitic nematodes that affect celery (Hamilton & Bernier, 1976; Bélair, 1992; Anon., 2011a ). An integrated understanding of the interactions of the nematodes, crops and the production landscapes in question will be helpful.
Celery is a narrow gene pool crop (Anon., 2010 ) and the exact host status (degree of susceptibility, tolerance or resistance) of the current US midwest-grown celery cultivars with regard to problematic nematodes such as M. * Corresponding author, e-mail: melakebe@msu.edu hapla is unknown. In addition, celery is grown in soils infested with M. hapla populations that have known parasitic (genetic) variability (Melakeberhan et al., 2007) . There is little information on how different populations of M. hapla interact with temperate crops such as celery. Knowledge of how celery cultivars respond to the resident populations of infested fields has applied and basic benefits. Poor suitability of the test cultivars would indicate presence of resistance and lead to investigations of resistance mechanisms. Determination of good host status would lead to studies of susceptibility (yield loss occurs) or tolerance (no yield loss occurs) under production field conditions (Hussey & Boerma, 1992) .
The objectives of these studies were to test: i) the status of the major celery cultivars and those pending release against Michigan populations of M. hapla; and ii) the susceptibility of the celery cultivars and lines to a nematode population from a celery production system. The working hypothesis is that the celery cultivars are suitable hosts for M. hapla populations and are likely to be susceptible (yield loss occurs) to the population(s). Management strategies that suppress M. hapla will thus be required if celery cultivars are to be grown in infested fields. Otherwise, celery cultivars can be grown with little concern about the presence of M. hapla. Variable responses will indicate that the problems will be nematode population-and cultivar-specific.
Materials and methods

EXPERIMENTAL ORGANISMS AND SOIL TYPE
The interactions among five populations of M. hapla and four celery cultivars were tested in two repeated sets of glasshouse experiments in organic (muck) soil. The populations of M. hapla were Mh 1, Mh 2 and Mh 3, collected from sandy, sandy loam, and sandy soils, respectively, and Mh 4 and Mh 5, collected from longterm celery production muck soils about 40 km apart. In a previous study, Mh 3 was found to be the most and Mh 4 the least pathogenic in tomato (Melakeberhan et al., 2007) . There are few commercially available cultivars of celery. We tested cvs Dutchess and Green Bay, most widely used in North America, and P-6848 Pybas and S-1355 lines. Because there are no celery isolines with known host status to the test nematodes, tomato (Solanum lycopersicum) cv. Rutgers, on which the populations of M. hapla were maintained, was included as a susceptible control for nematode viability. In order to optimise growth conditions for celery, the organic soil which was the source of Mh 4 was heat-sterilised at 190°C for 1.5 h (ProGraw steriliser). Three weeks later, soil properties were measured from three randomly selected composite samples. The soil had 59.8%, 19.8% and 20.4% sand, silt and clay texture, respectively, pH 6.4 and 80, 379, 304, 7674 and 699 kg ha −1 NO 3 -N, P 2 O 5 , K 2 O, Ca and Mg, respectively, and 53.8% OM. K 2 O was considered below optimum. The same soil was used for all experiments.
EXPERIMENTS
The first set of experiments (1 and 2) tested the suitability of the cultivars to the populations of M. hapla over the time period of one nematode generation. The assumption was that if the populations established infection sites and developed to adult stages in one generation, nematode reproduction would continue thereafter, similar to other systems with known parasitic variability (Riggs & Schmitt, 1988; Anon., 2011b) . Transplants of the cultivars (6-8 weeks old) were provided by certified and collaborating growers, selected for uniformity, and inoculated with 4000 eggs of the respective M. hapla populations in 200 cm 3 of soil contained in black plastic tubes. Tomato seedlings were 11 days old. Inocula were suspended in 1 ml of water and pipetted into three or four 1 cm diam. holes around each plant (Mennan et al., 2006 ). An equal volume of tap water was added to uninoculated control plants. Each treatment was replicated ten times in Experiment 1 for a total of 300 (5 cultivars × 6 M. hapla treatments × 10 replicates) experimental units, and eight times in Experiment 2 for a total of 240 (5 cultivars × 6 M. hapla treatments × 8 replicates) experimental units. Plants were fertilised weekly with Scotts' Professional 20:20:20 (N:P:K) commercial mix and watered daily as needed.
Experiment 1 was conducted at 28°C day and 25°C night air temperatures with diurnal cycles of 8 h dark and 16 h daylight with photosynthetically active radiation of 300-500 μmol m −2 s −1 at canopy level for 4 weeks. Experiment 2 was conducted at 20-23°C day and 18°C night cycle of 8 h dark and 16 h daylight for 6 weeks. At the end of the studies, approximately 495 and 441 degreedays (DD, base 10°C) were accumulated in Experiments 1 and 2, respectively, enough to complete a life cycle of the nematodes (Insera et al., 1982; Melakeberhan et al., 2010) .
The second set of experiments (3 and 4) was conducted after the first set was completed. They tested the effect of Mh 4, which was among the least infective, on growth of the celery cultivars over a 3-month period in two consecutive seasons under similar temperatures to Experiment 1, but under natural light conditions from mid-April to mid-July. Inoculum levels of 3500 and 9100 eggs (600 cm 3 soil) −1 were used for Experiments 3 and 4, respectively. Non-inoculated control plants received an equal volume of tap water. Each treatment was replicated four times. Celery transplants were of similar age to those in Experiments 1 and 2 and plants were watered as needed and fertilised weekly as described earlier.
NEMATODE INCULUM PREPARATION, INOCULATIONS AND MEASUREMENTS
Meloidogyne hapla eggs were obtained from tomato cultures using the bleach (0.5% NaOCl) method (Hussey & Barker, 1973) . Stages of embryogenesis were determined as differentiated (juveniles visible) or undifferentiated by randomly categorising 100 eggs, three times per sample (Zuckerman, 1985) . Determining the stage of em- (Zuckerman, 1985) . Data are an average of six random counts of 100 eggs from each population. 3 Results from Experiments 1 and 2 were combined because there was no significant difference between runs. 4 Different letters within a column mark means that are statistically different from each other (P = 0.05). 5 New entry and has not been studied like the other four populations.
bryogenesis is necessary to account for differences in developmental stages after infection. Stages of inocula differentiation between Experiments 1 and 2 were similar, but differed by population. Inocula of Mh 4, from all, and those of Mh 2 from Mh 1, were less differentiated (Table 1). In Experiments 3 and 4, 22% of the inocula were differentiated. At the end of 4 weeks (Experiments 1 and 2) and 3 months (Experiments 3 and 4), roots were carefully separated from soil, washed free of soil, rated for rootknot galling on a 0 (no galling) to 5 (more than 75% of the root system galled) scale (Kinloch, 1990 ) and fresh root weights were measured. In Experiments 1 and 2, whole root system per treatment was stained in acid fuchsin (Hussey, 1985) , and stored at 4°C until developmental stages were categorised as infective early and late swollen second-stage juveniles (J2), third-and fourth-stage juveniles (J3/J4) and adults (Agrios, 1997; Melakeberhan & Dey, 2003) . Whole root systems were stained to minimise sampling errors and to maximise detection of infection and developmental stages. However, the staining method did not facilitate determination of egg abundance. Thus, presence or absence of eggs in stained roots was noted by 1 and 0, respectively.
In Experiments 3 and 4, a 2 g sub-sample was stained for analyses of developmental stages and presence of eggs as in Experiments 1 and 2, and shoot dry weight was measured after 48 h drying in an 80°C oven.
DATA ANALYSES
The effect of cultivars and nematode population source on nematode development and reproduction and shoot dry weight was analysed using two-way ANOVA. The assumption of normality of the residuals was tested by examining normal probability plots and stem-and-leaf plots of the residuals. The homogeneity of variances assumption was assessed visually by examining the sideby-side box plots and checked using Levene's test for equal variances. When the residuals were found to be right skewed, e.g., for nematode population density and growth, the data were square root-transformed. Backtransformed means of the studied variables for each cultivar, M. hapla population and their interactions are presented in the results. The data analysis was conducted in PROC MIXED (SAS Institute, 2009 ). The probability of eggs present in stained roots was analysed using logistic regression model in PROC GLIMMIX (SAS Institute, 2009 ). The statistical tests were conducted using the probability of Type I error of 0.05. When the interactions between the studied factors were found to be statistically significant, we examined the interactions using cell means plots and slicing tests (Bruin, 2006) . Multiple comparisons among the means were conducted using t-tests when respective factor, interaction, or slicing effects were found to be statistically significant at 0.05 levels.
Results
Data from Experiments 1 and 2 were combined because they did not differ significantly from each other (Table 2; Figs 1, 2). Overall, gall indices were less than 1.5 (data not shown). Across all nematode populations, significantly fewer adult nematodes were recovered in cv. Green Bay followed by cv. Dutchess than in either cv. P-6848 Pybas or cv. S-1355. All celery cultivars had significantly fewer adult nematodes than cv. Rutgers tomato (Fig. 1) . More J3/J4 were recovered in cv. S-1355 and J2 in cv. Rutgers than in the other cultivars (Fig. 1) . Overall, the host suitability of the celery cultivars to the M. hapla populations was 32.3-67.4% of that of the tomato. Significantly more J2, J3, J4 and adult stages of Mh 5 (Fig. 1) . Across nematode populations and cultivars, the numbers of nematodes recovered in roots were significantly different at different combinations of celery cultivars and populations of M. hapla (Table 2) . Mh 1 infected all celery cultivars and Rutgers similarly; Mh 2 infected cv. Green Bay less than all cultivars except cv. P-6848 Pybas; Mh 3 infected cv. Green Bay the least followed by cv. Dutchess than the other cultivars and cv. Rutgers; Mh 4 infected cv. Rutgers more than the celery cultivars and less so cv. Green Bay than cv. Dutchess; and Mh 5 infected cvs Green Bay and Dutchess less than cvs P-6848 Pybas and S-1355, and cv. Rutgers more than all except cv. S-1355 (Table 2) .
The celery cultivars had differential reaction to the population of M. hapla. All celery cultivars and Rutgers were infected significantly more by Mh 5 than by the other populations of M. hapla. Fewer Mh 1 than Mh 2, Mh 3 and Mh 4 were recovered in cv. Dutchess. The cv. Green Bay was infected more by Mh 3 than by Mh 1, Mh 2 and Mh 4; cv. P-6848 Pybas was infected most by Mh 3 followed by Mh 2, Mh 4 and Mh 1. Mh 3 infected cv. Rutgers the most and Mh 1 the least (Table 2) ; cv. S-1355 was infected most by Mh 3 followed by Mh 2, Mh 4 and Mh 1; and cv. Rutgers was infected significantly more by Mh 3 than the other populations (Table 2) .
Eggs were observed in 83-92% of the samples from stained roots and in 51-96% of the nematode populations (Fig. 2) . Significantly more samples in the cvs S-1355 and Rutgers had eggs than the cvs P-6848 Pybas and Green Bay. The least numbers of samples with eggs were observed in roots infected with Mh 2 and Mh 1 populations and the most in those infected with the Mh 5 population (Fig. 2) .
In Experiment 3, similar numbers of juveniles and adult females were recovered from roots of all four celery cultivars infected with Mh 4 (Fig. 3) . In Experiment 4, fewer nematodes were recovered in cv. S-1355 than in cvs Green Bay or Dutchess (Fig. 3 ). Eggs were observed in 42-75% of the samples from stained roots in Experiment 3 and in 50-67% of the samples from Experiment 4, but there was a statistical difference (data not shown). Mh 4 infection suppressed shoot dry weight by 5% in experiment 3 and by 7.5% in Experiment 4 (Fig. 4) .
Discussion
Numbers of M. hapla in different test cultivars appear to support the working hypothesis that these celery cultivars are suitable hosts to these M. hapla populations. This suggests that the presence of these M. hapla populations may be a problem in production systems in which celery is rotated with crops that are also suitable hosts to M. hapla. However, the varying degrees of suitability to the populations of M. hapla and the cultivar and nematode population interactions suggest that the problems are likely to vary by location and by cultivar.
While the same level of infection in tomato and celery does not imply the same damage threshold level, use of tomato as a suitable host is an important indicator of relative reproductive potential of the nematode populations. Thus, in addition to knowing the status of these celery cultivars against these populations of M. hapla, the study provides growers with information that could be used for management decisions in infested soils. For example, cvs Green Bay and Dutchess, the most commonly used celery cultivars in North America, have been intensively grown in the fields from which Mh 4 and Mh 5 were isolated (Melakeberhan et al., 2007) . The cvs P-6848 Pybas and S-1355 are new to the Mh 4 and Mh 5 infested fields. Based on the host suitability data (Table 2) , one can expect less infestation and potential build up of inoculum density for the next crop by growing the celery cultivars in the presence of Mh 4 than Mh 5. If Mh 1, Mh 2 and Mh 3 were to be introduced into the celery production fields either via infected plant material and/or soil through shared farm machinery, common practice among growers, they can expect more infection and inoculum build up from Mh 3 than from Mh 1 and Mh 2 populations.
The short duration of the first set of experiments was designed to test infection levels at the completion of the first life cycle and development of adults, similar to other systems (Riggs & Schmitt, 1988; Anon., 2011b) . The presence of eggs and J2, an indication of initiation of the second generation, appears to support the assumption of continued nematode reproduction after successful completion of the first generation.
Quantifying stages of embryogenesis of the inoculum is important in accounting for differences in developmental stages after infection. For example, Mh 4 and Mh 2 had the lowest percentage of inoculum differentiation and lowest numbers of adult females recovered in roots, suggesting slower development. However, the highest infection levels by Mh 5, which did not have the highest percentage inoculum differentiation, and lowest infection by Mh 1, which had the highest percentage inoculum differentiation, suggest that stage of embryogenesis may not have been as much a factor as differences in pathogenicity among these populations and the cultivars' responses to the populations. For example, the total numbers of all nematode stages of development in roots were the lowest in Mh 1 followed by Mh 4 and Mh 2 and highest in Mh 5 followed by Mh 3. Although not as fast as in tomato, the populations seem to develop faster in cv. S-1355, suggesting the need to consider carefully the use of this cultivar in fields infested with these populations of M. hapla.
While Mh 4 was not as infective as Mh 3 or Mh 5, it suppressed celery growth in Experiment 4 in the seasonlong glasshouse study. This suggests that these celery cultivars may have low damage threshold levels. However, damage threshold is a function of the numbers of nematode generations and their reproduction factors over the growing season and the prevailing soil and environmental conditions that influence the nematode-plant-soil interactions (Melakeberhan & Avendaño, 2008) , which were not quantified. Our analysis, however, provides numerical basis for levels of nematodes infections that could lead to celery yield loss under field conditions.
Most traditional management practices are based on numerical risk indices derived from random soil samples collected at a given time during a growing season (Bird et al., 2004) . Integrating relative host suitability and populations' parasitic variability, the current study establishes numerical references for: i) determining damage threshold levels; ii) testing the presence or absence of tolerance; iii) selecting cultivars for and or designing suitable locationspecific management; and iv) future agronomic improvements in these and other cultivars.
